Performance-based fire resistance design needs consideration of various influencing parameters of structures such as load levels and cross-sectional size. Therefore, the studies of fire damaged reinforced concrete (RC) structures are performed experimentally and analytically. Twelve RC beams with different load levels and cross sections are exposed to high temperatures following the ISO 834 standard time temperature. After the fire test, the fire-damaged beams are loaded using four-point loading to obtain its residual strength. In addition, ABAQUS 6.10-3 is used to preform structural analyses of the ductility of the fire-damaged beams. The results indicate that the temperature, stiffness and ductility of the fire-damaged beams are significantly influenced by the load level, cross-sectional size and time exposed to fire. Also, the ductility of the fire-damaged beam can be predicted using an analytical method, which is not easy to otherwise determine experimentally. 
Introduction
Although reinforced concrete structures are extensively used due to their well-known thermal resistance, deterioration after exposure to fire includes a loss in strength and elastic modulus, cracking, and spalling of the concrete. Also, the structural system of a building can be unexpectedly damaged due to the complexity of the structural fire resistance properties. Therefore, it is important to investigate the thermal characteristics and structural behavior of fire-damaged RC structures to understand their load bearing capacity and safety.
The performance of structures during a fire has been actively studied by researchers using material experiments, structural tests and finite element (FE) analyses. The material properties, including the specific heat, conductivity, density and thermal expansion of concrete have been studied under high temperatures (Harmathy 1970 (Harmathy , 1993 . The material properties of high-strength concrete were reported by Kodur and Sultan (2003) and Cheng et al. (2004) . Jau and Huang (2008) investigated the behavior of corner columns under axial loading, biaxial bending and asymmetric fire loading. Fire tests were conducted on high-strength concrete columns exposed at elevated temperatures to investigate including temperature distributions and spalling between parameters such as cross sectional areas, cover thicknesses, and arrangements of reinforced bars by Shin et al. (2011) . The study showed that temperature distributions increase with the increase of cross sectional area and the number of reinforcing bars but decrease with the increase of cover thickness. Wu et al. (2014) investigate the effect that cracks have on temperature distributions of concrete members in a fire. A recent study by Kang et al. (2016) investigated the effect of the thickness on the temperature distribution of reinforced concrete walls during a fire and investigated the effect of the moisture content on the thermal behavior of concrete walls. In addition, Choi et al. (2010 Choi et al. ( , 2012 proposed an analytical approach to predict the temperature distribution and deformation of structural members. Parametric analyses were performed to examine the effects of the material properties on the thermal and structural behavior of fire-damaged concrete members (Lamont et al. 2001; Hsu et al.2006; Ryu et al. 2015) . The finite element analyses of the CFRPstrengthened RC T-beams and RC beams reinforced with internal GFRP bars are performed by Hawileh et al. (2009 Hawileh et al. ( , 2011 and Hawileh and Naser (2012) using the commercial software ANSYS to investigate the transfer mechanism. In their studies, it has been concluded that the performance of the beams exposed to fire loading can be accurately predicted. Nonetheless, it is necessary to understand influencing parameters because there are many factors that can influence structural behavior of structures exposed to fire and these studies can be used as basic data for performance resistance fire design.
This paper experimentally and analytically investigates the thermal characteristics and structural behavior of concrete beams according to loading and cross sectional size. Fire tests and residual strength tests are performed on RC beams with different load levels and cross sections to measure the temperature and residual strength. In addition, the ductility is analytically determined, and the analytical results are validated by comparing them to those obtained experimentally.
Experimental and FE Modeling Approach

Test Specimens and Variables
Twelve RC beams are fabricated with normalstrength concrete as listed in Table 1 . For the experiments, the variables include time, beam size and loading, which corresponds to the fire exposure time period, cross-section size and initial load level, respectively. The width, depth and length of the specimens are 250 mm × 400 mm × 5000 mm, and 300 mm × 500 mm × 5000 mm and 350 mm × 650 mm × 5000 mm, as illustrated in Fig. 1 . The beams were loaded with different load levels of 40, 60 and 80% of their nominal moment capacity (M n ), which corresponds to 4.82, 7.23 and 9.65 tonf for small beams, 10.88 tonf for middle beam and 28.99 tonf for large beam, respectively. All beams are designed to have the same reinforcement ratio and the number of rebars is changed according to the cross-section sizes. The beams are reinforced with three, five and seven steel bars with 19 mm of diameter for S, M and L series of the tested beams, respectively. In addition, stirrups of 10 mm diameter are used to prevent shear failure, as shown in Fig. 1 .
All beams are cured for 4 months and are preheated at a low temperature to prevent a moisture effect during the fire test.
Materials
The proportion of concrete mix is based on that in Table 2 . After 28 days of curing, the mean compressive strength of the concrete obtained from the tests is 25.08 MPa, and the mean tensile strength of the concrete is measured to be 2.98 MPa, as listed in Table 2 . The yield strength and elastic modulus of all reinforcement (rebar and stirrup) are 448 MPa and 205 GPa, respectively, as listed in Table 3 .
Test Set Up and Data Measurement
Fire Test and Residual Strength Test
Before heating, all beams are simply supported with an effective span of 4700 mm and subjected to a four-point loading system. The distance between the loading points is 1200 mm. The fire tests are performed in a heating chamber, as shown in Fig. 2 . After the load reaches its designated load level, heat is applied to the beams and the load is maintained. All beams are heated on three surfaces according to ISO 834 standard time-temperature curve, as illustrated in Fig. 3 (ISO 834 1999) . Page 3 of 10 Ryu et al. Int J Concr Struct Mater (2018) 12:54 After the fire test, the specimens are left for 1 week. For the residual strength test, all beams are subjected to the four-point bending test until the beam shows failure, as shown in Fig. 4. 
Data Measurement
The vertical displacement during the fire test and residual strength test is obtained with a linear variable differential transformer (LVDT) located at the center of Page 4 of 10 Ryu et al. Int J Concr Struct Mater (2018) 12:54 the beam length, as illustrated in Fig. 5 . Electric strain gauges are attached at the upper and side surfaces of all beams to measure the strain of the concrete. The temperatures inside the S series beams are measured using six thermocouples within the beam section of the center and the temperatures of M series and L series beams are measured using seven thermocouples within the beam section of the center. The locations of the thermocouples within the beam section can be found in Fig. 6 . When possible, the strains of rebar are obtained for the gauges placed at the center rebar of the beams for the residual strength tests.
FE Modeling Approach
A high temperature has a significant influence on the ductility of the concrete beams. The ductility of the firedamaged beam can be calculated using the deflection of the yielding point and the ultimate deflection.
The ductility can be defined as the ability of the firedamaged beams to sustain large deformations before reaching failure. In particular, the fire damaged beams show brittle behavior compared to non-damaged beams, even if the maximum load capacity does not decrease significantly. Therefore, it is important to examine the beam for brittle behavior through the ductility index. The deflection ductility index is calculated based on Eq. (1) (Ashour 2000; Rashid and Mansur 2005) .
where µ � is the deflection ductility index, u is the midspan deflection at the ultimate beam load, and y is the midspan deflection at the yielding load of the tensile rebar.
However, the strains of the rebar in some beams cannot be obtained due to the construction environment. Therefore, structural analyses are conducted for the beams under the same conditions as those of the experiment to provide the yield point of the rebars. ABAQUS version 6.10-3, a commercial FE software, is used for FE analyses. FE analyses are conducted to know yielding point of rebar on the fire damaged beam. The temperature distributions obtained from the experiments are assigned to the FE models with their corresponding material properties for Page 5 of 10 Ryu et al. Int J Concr Struct Mater (2018) 12:54 performing structural analyses. FE models are generated with three-dimensional eight-node solid elements, having width, depth and length equal to the experimental conditions. Elements for the reinforcing steel bars are included in the model by assigning steel material properties to the meshes where the steel bars are located, as illustrated in Fig. 7a . The rest of the elements are modeled with concrete material properties.
Loading and boundary condition are prescribed as in the experimental condition such that the RC beams are simply supported with a roller support at one side and a hinged support at the other side. In addition, loads are applied by displacement control. The variation of the elastic modulus, the compressive and tensile strength with temperature for the concrete and steel are modelled according to Eurocode 2 (1995). Reduction factors of strength of concrete and steel at the elevated temperatures can be obtained as illustrated in Fig. 8 by adopting the code.
The prediction of load-strain curve for the control beam from the FE model shows good agreements with that of the experimental results, as illustrated in Fig. 9 . Then, the modeling approaches are implemented to the structural analyses to predict ductility of the fire damaged beams.
Results
Results of Fire Test
The experimental results show that the temperatures obtained from the thermocouples range from 100 to 600 °C depending on the location within the beam section. The time-temperature graph for P1-120 in Fig. 10 shows that the temperatures increase rapidly until 20 min of the fire test. However, after 20 min the temperature increase slows down. Time-temperature curves tend to be similar in the other specimens. The highest temperatures are obtained from the thermocouples among CON1, 3 and 4 of S series beams and CON1, 4 and 5 of M series and L series beams. All of these temperatures are located at 40 mm away from the fire exposed surface. The highest temperature increases as the load increases, as shown in Table 4 because the beam loaded with a high ratio of nominal moment causes more cracks and it is easier for the heat to be transferred through the cracks. However, differences in the highest temperature are not significant between beams with different cross-sectional sizes. Page 6 of 10 Ryu et al. Int J Concr Struct Mater (2018) 12:54 The maximum deflection of the beams during the fire test increases as the load level increases. However, the maximum deflection during the fire test decreases as the cross-sectional size increases, and the reduction ratio is not linearly proportional to the cross-sectional sizes. This is because there is combined effect of cross sectional sizes and temperature distributions on the deflection of the beams under fire. Figure 11 shows that the deflections of all specimens increase rapidly up to 20 min. After 60 min, the differences in the deflection between the specimens are larger. The maximum deflection of the beams is obtained at about 90 mm at the center of P3-120 loaded with 80% of nominal moment, which is three times larger than that of P1-120 loaded with 40% of nominal moment. The maximum deflections for P1-60 and MP1-60 are similar. The reason of having similar deflections between MP1-60 and P1-60 may be because of the combined effect of cross sectional sizes and temperature distributions. Even though MP1-60 has the larger cross sectional size, it also shows the higher temperature distributions than P1-60. The maximum deflection of LP1-60 is obtained at about 9.14 mm at the center of the beam, which is half that of P1-60.
Results of Residual Strength Test
Load Bearing Capacity
The load-deflection curves of all specimens obtained from the residual strength test are illustrated in Fig. 12 . The differences in the maximum loads are small between all specimens because the temperatures of the reinforcing bars do not reach to 500 °C while the strength of steel are significantly reduced to 50% of the original strength. For specimens heated for 120 min, the maximum load of P1-120, P2-120 and P3-120 are 169.88, 172.96 and 161.58 kN, respectively. The differences between the maximum loads of the control beam and the other beam are within 10% such that the difference between the maximum loads of the control beam and P3-120 is the largest at 6.6%. The differences between the maximum load of control beams and the fire-damaged beams decreases as the cross-section size increases (Fig. 12). 
Initial Stiffness
As shown in the load-deflection curves for the specimens, no significant difference can be found in the residual strength of the specimens. However, the slopes for the fire-damaged beams are considerably different. Therefore, the initial stiffness of the beams is compared to the load level, cross-sectional size and time (Sullivan et al. 2004 ). The stiffness decreases as the load level or time increases, as listed in Table 5 . The stiffness of the fire-damaged beams decreases because of the material degradation of the concrete and steel with the increasing temperature, such as reduction of elastic modulus. The stiffness reduction ratio of the fire-damaged beam heated for 1 h is the largest, and the reduction ratio of the stiffness over time decreases. The stiffness for P1-60, P1-90 and P1-120 are 31, 42 and 44% less than that of the control beam, respectively.
As listed in Table 5 , the stiffness decreases linearly as the load level increases. The stiffness for the P1-60, P2-60 and P3-60 beams are respectively 31, 37 and 43% less than that of the control beam. The decrease rate is not proportional to the cross-sectional size. The stiffness for P1-60, MP1-60 and LP1-60 are 31, 31 and 23% less than that of the control beam, respectively. The stiffness of the S series are similar to the M series, but are different to the L series because the ratio of the area exposed to the high temperature to the entire cross-sectional area is small. As P1-60 and MP1-60 show similar deflections to each other, the stiffness of P1-60 and MP1-60 are similar due to the combined effect of cross sectional sizes and temperature distributions. Even though MP1-60 has the larger cross sectional size, it also shows the higher temperature distributions than P1-60. The results show that the stiffness of the beams is heavily influenced by the temperature.
Ductility
Fire-damaged beams exhibit brittle behavior compared to the control beam, as shown in Table 6 . The ductility decreases as the load or the time exposed to fire increase, and the decrease rate is not proportional to the fire exposure time period. The difference in the ductility between the control beam and the beam heated for 1 h is higher than the difference between beams heated for 1 and 2 h. For the beam loaded with 40% of the nominal moment, the ductility indices for P1-60, P1-90 and P1-120 are 34.11, 45.44 and 50.59% less than that of control beam, respectively. For a beam loaded with 60% of the nominal moment, the ductility indices of P2-60 and P2-120 are 44.75 and 55.88% less than that of the control beam, respectively. For a beam loaded with 80% of the nominal moment, the ductility indices of P3-60 and P3-120 are 49.65 and 65.18% less than that of the control beam, respectively. Also, the ductility decreases as the load level increases because the temperature distribution inside the beam increases with the load level. For the beams heated for 2 h, the ductility of P1-120, P2-120 and P3-120 are 50.59, 55.88 and 65.18% less than that of control beam, respectively.
The ductility increases as the cross-sectional size increases. As shown in Table 6 , the ductility descending of the control beams occurs as the cross-sectional size increases. However, the ratio of the ductility descending decreases as the cross-sectional size increases. The ductility indices for P1-60, MP1-60 and LP1-60 are respectively 34.11, 33.28 and 16.33% less than that of the control beam. The beam with a larger cross-sectional size can be seen to be more resistant to fire in terms of the maximum load as well as ductility.
The results show that the ductility of the beams is heavily influenced by fire even though the beams have small differences in the maximum load because the elastic modulus descending of concrete and steel according to temperature have more influence on the ductility, but the tensile strength decrease for the reinforcing bars related to maximum load is insignificant until 500 °C.
From FE analysis, it is possible to predict the ductility of the fire damaged beams and the predicted ductility indices show a reasonable tendency, compared with stiffness ratios.
Conclusions
This study investigated the thermal characteristics and structural behavior of beams exposed to fire according to load levels and cross sectional sizes. The following conclusions can be drawn.
(1) In the experiments, the temperatures obtained from thermocouples range from 100 to 600 °C depending on the location within the cross section of the Ryu et al. Int J Concr Struct Mater (2018) 12:54 beam. The results indicate that the temperature distributions increase as the load level increases, which can be explained by crack propagations due to loading. Therefore, predictions using FE methods can capture such behavior by adjusting the conductivity of the concrete depending on the load levels. (2) The deflection of the beams during the fire tests increases as the load level increases. However, the maximum deflection of the beams during fire test decreases nonlinearly as the cross section increases. (3) From residual strength tests of the fire damaged beams, differences in the maximum loads are not significant between all specimens because the temperatures of reinforcing bars did not reach 500 °C for the strength of steel to be reduced to 50% of the original strength. The difference between the maximum loads of the control beam and P3-120 is the largest. (4) The ductility and stiffness decrease as the load or time exposed to fire increase. Regarding different cross-sectional sizes, the ductility and stiffness of the beams are improved as the size of the cross section increases. (5) Further studies are needed to investigate weighted values among different influencing factors including cross-sectional size, load level and time exposed to fire for the fire-damaged RC beams.
